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Final report for FA9550-12-1-0277:
“Coupling photonics and coherent spintronics for low-loss flexible optical logic”

PI: Jesse Berezovsky, Case Western Reserve University

The motivation of this project was to understand and control the interaction
between light and coherent spins in semiconductor nanocrystal quantum dots
(NCQDs), with the particular aim of enabling spin-mediated optical signal
processing devices. The off-resonant nature of these spin-based phenomena allow
optical logic operations that are, in principle, lossless. Furthermore, the electron
spins that mediate the optical logic may also be addressed electrically or
magnetically, allowing for hybrid systems incorporating optical computing,
standard electronics, and magnetic memory. The ability to perform communication,
logic, and memory in a hybrid system enables the compact and high-speed
technology required for future needs.

Much of the work here was carried out by one recently-graduated PhD student
supported by this program, Ahmad Fumani, with assistance from the PL
Undergraduate researchers also contributed to the work, including Johnathon Frey,
Jeffery Oleski, Tadeas Liska, and Joseph Szabo.

Over the course of this project, we have made advances in several key areas: 1.
Controlling spin-photon interactions using narrow-linewidth optical signals, 2.
Understanding fundamental spin-photon interactions in semiconductor
nanocrystals, and 3. Integration of semiconductor nanocrystals in photonic systems
for enhanced spin-photon interaction.

1. Controlling spin-photon interactions using narrow-linewidth optical
signals:

Conventional methods for controlling interactions between light and coherently-
evolving spins in semiconductor nanocrystals require complex ultra-fast, spectrally-
broad pulsed laser systems which will be difficult to combine with integrated
devices. Therefore, we wish to develop an interface between coherent spins and
light that uses narrow-linewidth CW lasers as a source.

To this end, we developed a technique, which we refer to as Fourier-transform spin
resonance (FTSR), which was the subject of a paper published in August 2012 [1].
The setup used for FTSR measurements is shown in Fig. 1(a). Whereas the more
traditional time-resolved FR setup (see Fig. 2(a)) relies on a pulsed supercontinuum
fiber laser (~$100,000), the FTSR setup is based on a pair of off-the-shelf laser
diodes (~$20 each). In principle, the two measurements provide the same
information. (For experimental purposes, however, the time resolved FR
measurements are more flexible and easier to interpret, and thus are still used for
studying coherent spin dynamics.) For FTSR measurements, the pump and probe
lasers are driven by an RF signal at frequency (1 combined with a DC bias modulated

DISTRIBUTION A: Distribution approved for public release.



at low frequencies fi and f2. The modulation at fi and f, allow for lock-in based
detection. The pump and probe lasers are then used for a Faraday rotation
measurement in the same way as in the time-resolved Faraday rotation
measurements.
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Figure 1. Probing spin dynamics using narrow linewidth lasers. (a) Setup for Fourier

transform spin resonance (FTSR) measurement. (b) FTSR data (black) and fits (red) from an
ensemble of room- temperature NCQDs.

The FTSR measurement works by producing a signal only when the modulation
frequency (1 is resonant with a component of the spin dynamics. By sweeping (,
FTSR produces the Fourier transform of the spin dynamics. (The real and imaginary
parts of the Fourier transform are obtained by changing the relative phase of the
pump and probe modulation.) Alternatively, by fixing (1 and sweeping a magnetic
field B, one maps the evolution of the ()-component of the spin dynamics as a
function of B.

Figure 1(b) shows FTSR measurements vs. B, at three values of (0 from an ensemble
of room temperature NCQDs. The resonances shift to higher B with increasing ().
The first two resonances at 0 > 0 correspond to the two distinct components
present in NCQD samples. Subsequent peaks arise from higher harmonics of these
two frequencies. The inset shows additional curves at more values of (), illustrating
how the peaks shift with Q.

By fitting the FTSR data to a model function, we can obtain information about the
coherent evolution of spins in the sample. Fits are shown in red in Fig. 1(b). The fits
reveal g-factors, spin lifetimes, and inhomgeneous dephasing effects in agreement
with results from time-resolved FR measurements.

The FTSR approach described above is a continuous wave measurement, averaged
over time. For optical signal processing, the optical signals should be as short as
possible. Ultrafast pulses are too short in that they necessarily involve large
linewidths, so we have explored modulated, narrow-linewidth lasers to tailor pulse
lengths to optimize fast operation and narrow linewidth. We have used an electro-
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optic modulator, synchronized with the pulsed pump laser, to measure spins in QDs
using 10-ns-duration, narrow linewidth probe pulses. Data from such an
experiment is shown in Fig. 6(b). Since the 10-ns-long pulse is longer than the spin
lifetime in the QDs, the signal measured is the time-average of the spin dynamics
resulting from the pump pulse. At zero magnetic field, this signal is a maximum. By
increasing the magnetic field, the interaction is turned off. The amplitude of the
interaction is fairly small (~30 prad), though shorter, higher power pulses will
improve this, as will ultimately, integration with resonators. The next step would be
to combine this pulsed measurement with the FTSR modulation for fast, narrow-
linewidth measurement, with frequency resolution.

2. Understanding fundamental spin-photon interactions in semiconductor
nanocrystals:

In order to use spins in nanocrystal quantum dots (NCQDs) as an active medium for
controlling optical signals, we must gain a better understanding of the underlying
processes that govern decoherence and decay of spin states in these structures. We
performed a detailed series of time-resolved Faraday rotation measurements on
room-temperature ensembles of NCQDs, and developed a technique for reliably
extracting information about spin dephasing and decoherence from the resulting
dataset. These results were published in Physical Review B as an Editor’s
Suggestion [2].

Figure 2(a) shows the setup that we have built and employed for two-color time-
resolved Faraday rotation measurements. The pump and probe pulses are provided
by a supercontinuum fiber laser with two sets of motorized variable edgepass
filters, allowing us to select the center wavelength and bandwidth of both the pulse
trains. The pump pulses are reflected off of a movable retroreflector, yielding
controllable time delay between the pump and probe. The pump is circularly
polarized to excite spin-polarized electrons into the conduction band of the NCQDs.
The probe, arriving at the sample a time At after the pump, is linearly polarized to
measure the spin projection in the sample via the Faraday effect. The sample in this
case is an ensemble of ~6-nm-diameter CdSe NCQDs, either in solution, or on a
substrate in a polymer matrix.

By sweeping the time delay between the pump and probe, we obtain the projection
of the ensemble spin along the probe propagation direction as a function of time, as
shown in Fig. 2(b). Here, the pump arrives at time ¢ = 0, initializing the spin and
giving rise to the sharp jump in the FR signal. A transverse magnetic field
B=200mT is applied, causing the spins to coherently precess, which is seen as
oscillations of the FR signal. The signal then decays away with a time constant ~1 ns.
It is important to gain an understanding of what processes give rise to the decay of
the spin signal seen in Fig. 2(b). Extracting precise and reliable information about
the spin decay from the data in Fig. 2(b) requires accurate fitting of the data to a
model function - a task which is complicated by several factors. First, there are two
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distinct components to the observed dynamics, with different precession
frequencies and decay characteristics (this can be seen as beating in the zoomed-in
inset in Fig. 2(b)). These two components must be captured by separate terms in the
fitting function. Second, the decay profile of each component is not a simple
exponential decay. Therefore, to obtain meaningful fits, we must develop a theory
that captures the actual decay profile. Third, with two separate precessing and
decaying components, the number of parameters in the model becomes large. Thus
when fitting, we must proceed carefully to ensure that the results are meaningful.
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Figure 2. Studying room-temperature dephasing and decoherence in NCQDs. (a) Setup for two-
color time-resolved Faraday rotation measurement. (b) Typical FR data (gray) with fit to
model function (black dashed). Left inset: zoom-in on data and fit. Right inset: Absolute value
of cross-correlation matrix |C|. (c) Total spin decay rate { vs. magnetic field B for the two
coherent spin components. One component is well-fit by a linear function, the other by a
quadratic function.
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We have developed a model of spin decoherence and dephasing in NCQDs that
captures the observed decay of the spin signal. The black dashed line in in Fig. 2(b)
is a fit using this model to the data shown in gray. The zoomed-in inset shows the
data and fit at later times. Models used in previous work have included
inhomogeneous dephasing and an exponential decoherence term. To make these
models agree with the data, however, it is necessary to exclude the data at early
times (t < 200 ps). This arbitrary exclusion of data leads to unreliable fit results. We
have described another spin decoherence mechanism, which we call fine-structure
decoherence (FSD), which arises from rapid transitions between the fine-structure
states of the exciton in the NCQD. When including FSD in the model function, all data
in the dataset are well-described by the model at all times.
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In order to deal with the large number of parameters in the model, we not only
study the best-fit curve, but also the cross-correlation matrix C of the fit parameters.
The absolute value of the cross-correlation matrix |C| is shown in as the second
inset in Fig. 2(b). Here, each row and column corresponds to a particular parameter
in the model, and black indicates complete correlation, and white indicates complete
lack of correlation. Ideally, a fit function would have minimal cross-correlations -
that is, black on the diagonal and white everywhere else. If one naively constructs
the fit function, large regions of the matrix are highly correlated. We have recast the
model function and fixed parameters that cannot be determined to reduce cross-
correlations between the parameters that govern the spin decay characteristics
(those inside the dashed box in the inset to Fig. 2(b)).

By fitting FR data at different magnetic fields B, we can extract the characteristic
decay rate C for both components of the signal vs. B (Fig. 2(c)). The error bars here
result from residual cross-correlation between fit parameters. The decay rate for
one component is well-fit by a linear function, but the other component require a
second-order polynomial to achieve a good fit. In our model, the y-intercept of these
curves indicates the magnetic-field-independent exponential decoherence, the
linear slope arises from inhomogeneous dephasing, and the quadratic component is
due to the FSD mechanism. This allows us to independently measure the
contributions of these different mechanisms to the total decay behavior.

The procedure for measuring spin decay mechanisms presented above will now
allow us to study how these mechanisms vary in different types of structures and
environments, and give clues about how to control them.

A key capability for future spin-based photonic devices is to optically initialize spins
in NCQDs at room temperature. Though it has been known for about 15 years that
such pumping is possible, there had been no study of the process, or of how to
optimize it. To investigate this, we have carried out a series of time-resolved
Faraday rotation measurements as a function of the excitation energy. The
magnitude of the resulting signal yields a measure of the spin pumping efficiency.
These measurements were repeated on three ensembles of NCQDs, with different
mean diameter. We have found that all samples showed a maximum spin pumping
efficiency resonant with the lowest energy transition, but only the largest size
showed a second peak at higher energy. This will be useful for future experiments
and applications, in that it permits efficient spin pumping away from the resonant
transition. These results [3,4], in conjunction with the results on spin dephasing and
decoherence in these structures [2], provide a solid foundation for using these
effects in spintronic/photonic devices.
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To collect data on spin pumping efficiency, we used our time-resolved Faraday
rotation experiment, with its flexible wavelength tuning capabilities. For these
measurements, we fix the probe wavelength at an optimal value, and scan the pump
wavelength from 460 to 690 nm. At each pump wavelength, a time-resolved
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Figure 3. Spin pumping efficiency in nanocrystal quantum dots. (a)-(c) Measured spin
pumping efficiency vs. excitation energy in samples A-C (black circles). Red indicates
calculated oscillator strength for spin up electrons, blue for spin down electrons. (d)
Calculated spectrum of optical transitions vs. particle size. Width of lines indicates oscillator
strength.

Faraday rotation trace is collected, and the magnitude of the signal provides a
measure of the spin pumping efficiency. Three samples were measured, with mean
particle radius 3.1, 2.4, and 2.1 nm, referred to as sample A, B, and C respectively.

Figure 3 (a)-(c) shows the measured spin pumping efficiency vs. excitation energy
for the three samples A-C (black circles). As expected, the data is shifted upwards in
energy for smaller sizes, because increasing quantum confinement increases the
energy of the optical transitions. The largest sample (A) shows two nearly equal
peaks in the spin pumping efficiency. As the QD size is decreased, the second peak
disappears.

To understand the observed spin pumping behavior, we have carried out
calculations of the quantum-confined states in these structures, and determined the
spin dependent oscillator strengths of the relevant transitions. We first used a
simple effective mass approximation to calculate the electron and hole
wavefunctions and energies in the conduction band and three valence sub-bands
(heavy hole, light hole, and split-off hole). With these wavefunctions, we can
calculate oscillator strengths for transitions from valence band to conduction band
states, in the envelope function approximation. The resulting transition energies
are shown in Fig. 3(d) vs. QD radius, with the width of the line indicating the
oscillator strength of that transition. The mean radii in the three samples are
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indicated. The valence band states are generally superpositions of the three valence
subbands. Due to angular momentum selection rules, circularly polarized excitation
generates different conduction band spin states from different valence sub-bands.
We can separate the oscillator strengths from the different valence sub-bands to
find the degree of conduction band spin polarization generated when driving each
transition. The results of this calculation are shown as the red and blue regions in
Fig. 3 (a)-(c). Red indicates the amplitude for spin up generation, whereas blue
indicates the amplitude for spin down generation. The width of the features arises
from the distribution of QD size within the ensemble. The difference between the
red and blue amplitude is proportional to the expected spin pumping efficiency. The
key finding here is the importance of transition (g) which crosses a number of other
transitions in the size range studied here. This transition is significant in that it is
the lowest energy transition to be dominated by the light hole and split off hole
bands, which excite spins polarized in the opposite direction to transitions from the
heavy-hole band. When this transition is excited, it dramatically reduces the spin
pumping efficiency. In all samples, the first peak in spin pumping efficiency arises
from transitions (a) and (b). In sample A, the second peak is from (c)-(f). As the
quantum dots become smaller, the transitions change ordering so that transition (g)
appears at lower energy than (c)-(f), so the reduction in spin pumping from
transition (g) kills off the second peak.

These results will play an important role in ongoing efforts to engineer useful spin-
photon interactions in these materials. In designing experiments and potential
devices, we now have guidelines for choosing the correct QD size, and excitation
energy. It is particularly useful that larger QDs permit strong spin pumping at
higher energies, allowing different energies to be used for excitation and
measurement.

3. Towards integrated devices and enhancement of spin-photon interactions
with optical cavities

Our approach to enhancing spin-photon interactions to the point where they can be
used to implement logic operations had two focuses. First, we planned to study
these interactions in a highly controllable system of NCQDs in solution within a
macroscopic Fabry-Pérot resonator. Second, we have created integrated optical
resonators coupled to deposited NCQDs.

We constructed an experimental platform for studying spin-photon interactions in a
macroscopic Fabry-Pérot resonator. A photograph is shown in Fig. 4(a). The cavity
consists of two plano-concave partially reflective dielectric mirrors with designed
reflectivity R = 95%. The mirrors are held in positioning stages with a separation of
twice their focal lengths. This produces a confocal optical cavity, with a focus at the
center of the cavity. One of the mirrors is mounted on a piezo-electric actuator
which allows for fine tuning of the cavity length. The mirrors are supported by a
solid Invar base to reduce vibration and thermal drift. We can then insert a cell
containing NCQDs in solution at the focus of the cavity. The cells are commercially
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available quartz cells with optical path length ranging from 50 to 500 microns. We
have obtained a size series of these cells and deposited onto them an anti-reflection
coating, so as to not introduce extra loss in the cavity. A stabilized HeNe laser is
coupled into one mirror, and the transmission is monitored via a photodiode.
Measurements can be taken either by sweeping the piezo voltage to scan the cavity
length through a resonance, or by using feedback control on the piezo voltage to

keep the cavity at a fixed position on a resonance.

partially reflective focusing mirrors (b)

piezo actuator waveguide

-----

-----

quantum dots in solution
Invar base

Figure 4. Enhancing spin-photon interactions with optical cavities. (a) Photograph of confocal
Fabry-Pérot resonator with NCQDs in solution at the focal point. (b) Finite-difference time
domain simulation of a silicon nitride microdisk resonator coupled to an optical waveguide.

Initial results have indicated a cavity finesse F = 25 with no NCQD cell in the cavity.
This is close to the expected finesse, and could likely be increased with higher
reflectivity mirrors. With a quantum dot cell in the cavity (as shown in Fig. 3(a)), the
finesse is reduced to F = 22. The excitation of spins in the NCQDs using a pump laser
is challenging due to the experimental geometry, and requirements of the cavity,
and is still an ongoing effort. This will then allow us to observe the effects of the
cavity on the Faraday effect.

We have also explored a simple technique for enhancing spin-dependent
polarization rotation, which is to partially polarize light using a series of Brewster
reflectors (BRs). In the proper geometry, these can be used to reduce the un-rotated
component of light that has interacted with one or more spins, thereby increasing
the rotation angle. By changing the number of BRs, the rotation angle can be
increased, allowing one to find the configuration that optimizes rotation angle and
signal-to-noise ratio (SNR) for a particular application (see Fig. 7(a) and (b)).

In parallel with the macroscopic cavities, we have designed and fabricated initial
integrated cavities coupled to NCQDs. In order to design these systems, we have
performed simulations both using transfer matrix calculations and using finite-
difference time domain (FDTD) simulation. Fig. 4(b) shows an example result from
an FDTD simulation of a silicon nitride microdisk resonator coupled to a waveguide.
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The red and blue indicate electric field intensity at a particular time. NCQDs would
then be deposited by drop casting, or by spin- coating and/or patterning of a
polymer film.

In order to incorporate colloidal quantum dots in integrated devices, we will need
methods for depositing the colloidally-dispersed quantum dots onto substrates.
Previous measurements have mainly been performed on QDs in solution, or
dispersed in a thick polymer film. The quantum dot films required for future
devices must have thickness on the order of 100 nm, must be uniform, with minimal
optical scattering, yet still have sufficient optical density to provide strong spin-
photon interactions. Such films may be directly deposited onto integrated photonic
devices, or built into low mode-volume optical cavities.

0

1
Distance (mm)

Figure 5. (a) Photograph of 150-nm-thick quantum dot film.
(b) Faraday rotation data from film shown in (a), showing
coherent spin precession in a magnetic field. (c) Height

profile of film shown in (a).
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21000} |Film| :
2 contrast, changing solvents
500 can reduce this effect. Figure
A /

GWJLJJM 5(a) shows a photograph of a

QD film which is uniform over

the central area and optically
smooth. This film was
synthesized by dispersing
dried CdSe/ZnS core/shell
quantum dots in 10% octane,

90% hexane solution. These solutions were then drop cast on a glass substrate and
the allowed to evaporate under ambient temperature and pressure. This particular
solution counteracts particle aggregation (coffee stain effect) on the outside of the
droplet by allowing the QDs to more uniformly drop out of solution across the entire
area of the droplet. The volatile alkanes induce recirculation in the droplet so more
uniform samples can be made. Adding a second, lighter volatile solvent (hexane)
increases evaporation time and destabilizes the quantum dots in solution, further
increasing deposition uniformity. Additionally, the evaporation may be carried out
in a 2-propanol vapor environment, which also counteracts coffee-stain effects.
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We measure spin-photon interaction in these QD films using a time-resolved
Faraday rotation measurement (Fig. 5b). We obtain clear signal-to-noise on this
150-nm-thick film (thickness measurement shown Fig. 5¢), and a maximum rotation
angle of about 80 prad. This is only about 10 times less the signal obtained from
QDs in solution in a 1-mm thick cuvette, despite a ~5000-fold reduction in
thickness. The ideal degree of rotation would be ~1 rad, requiring an enhancement
of about 10%. These thin films with minimal scattering will permit integration with
high quality optical cavities, which may be capable of providing this level of
interaction enhancement.

We have made progress on implementation of ,
integrated photonic devices for exploring spin-photon @ ’.
coupling. We have fabricated silicon nitride :
structures on top of silicon dioxide, using electron 1

beam lithography and plasma etching. Typical b.&
structures are shown in Figure 6(a). These consist of

a 50 um long waveguide, with grating couplers on 10 um
either end. Input and output light will be %
focused/collected from the grating couplers via a 40

—
O
-~

microscope objective. Currently, we are working on
improving side-wall characteristics (roughness and
slope), and optimizing the grating couplers. Initially,
we plan to deposit QD films on these structures and
measure the resulting coupling by monitoring
waveguide transmission as the QDs are pumped. We
also plan to fabricate these structures onto scanned or
cantilevers to measure interactions with single QDs, in

30r

201

101

Faraday rotation (urad)

200 100 0 100 200

conjunction with another ongoing project. The next
Magnetic field (mT)

step will be to fabricate integrated photonic

resonators to study how the interactions can be Figure 6. (a) Silicon nitride
enhanced. waveguides with grating couplers.
(b) Faraday rotation vs. magnetic
field measured using 10 ns, narrow

Optical waveguides and resonators are essential linewidth pulses.

components of integrated optical devices. We have

developed a fabrication method for NCQD-polymer

composite optical waveguides. The optical medium of the waveguide is made of a
PMMA and NCQD composite. It is fabricated via electron-beam lithography on a thin
film of Cytop, an optical Fluoropolymer resin with refractive index of ~ 1.34, atop a
silicon substrate. An optical micrograph of a polymer waveguide is shown in Fig.
7(e). We have characterized the transmission properties of these waveguides with
different cross-sections and NCQD concentrations. The next step will be to explore
spin-based measurements with optical signals traveling through the waveguides.
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Figure 7. (a) Enhancement of FR signal and (b) signal-to-noise ratio (SNR) by a series of
Brewster reflectors (BRs). (c) FDTD simulation of microlens cavity. (d) Microlens reflector
array. (e) NCQD-impregnated polymer waveguide.

A key component of this work involves enhancing the interactions between spins
and photons. In some cases, this may be accomplished on-chip, with integrated
resonators. However, some steps for the proposed applications would be more
easily accomplished via free-space optical interactions. (i.e. focusing laser pulses
onto the device through free space). For this purpose, we have developed a platform
for enhancing these interactions with arrays of patterned low-mode-volume
cavities. Figure 7(c) shows a simulation of one of these micro-cavities in cross-
section. The cavity consists of two distributed Bragg reflectors. The bottom DBR is
planar, while the top DBR has hemispherical depressions formed by performing an
isotropic etch through a nanoscale pinhole mask. Input light focused on this
microlens cavity is confined to a small volume inside (red and blue). Figure 7(d)
shows an optical microscope image of an array of microlenses. These consist of
hemispherical depressions etched into quartz, and coated with a DBR stack. The
active layer containing a film of NCQDs is fabricated on top of a planar reflector. The
reflector with the microlenses is then placed atop the active layer, with separation
controlled by a piezoelectric actuator. Optical signals to operate on the spins are
then incident on the structure from the top, focused into the microlens cavities.
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Conclusions:

The progress made over the course of this project provides a basis for beginning to
engineer photonic devices that incorporate coherent spin-based functionality at
room temperature. The fundamental understanding of optical spin pumping, and
coherent dynamics in NCQDs at room temperature provide a guide to the
appropriate nanostructures for these applications. The exploration of techniques for
coupling light and spins reveals the opportunities and challenges for doing so in
practical integrated devices. Finally, we have taken a multi-pronged approach to
developing platforms for enhancement of spin-photon interactions, and on-chip
integration. Going forward, building off of these platforms will allow us to realize the
potential of spin-based photonic devices.
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